
US007442665B2 

(12) Unlted States Patent (10) Patent N0.2 US 7,442,665 B2 
Schultz et a]. (45) Date of Patent: *Oct. 28, 2008 

(54) PREPARATION AND SCREENING OF (52) US. Cl. ....................... .. 502/64; 502/102; 436/174; 
CRYSTALLINE INORGANIC MATERIALS 436/178; 436/34; 436/37; 427/8; 427/266; 

427/448; 427/504; 427/410; 435/4 
(75) Inventors: Peter G- Schultz, La 1011a, CA (U S); (58) Field of Classi?cation Search ................. .. 436/34, 

Xiaodong Xiang, Danville, CA (US); 436/37, 149, 170, 174; 435/4, DIG. 1(L13; 
Isy Goldwasser, Palo Alto, CA (US); 427/8, 265, 266, 448, 504, 510; 502/142, 
Gabriel Bricer'lo, Baldwin Park, CA 502/7, 64, 102, 104, 150, 174, 400 
(US); Xiao-Dong S1111, FremOnI, CA See application ?le for complete search history. 
(US); Kai-An Wang, Cuper‘tino, CA _ 
(Us) (56) References Clted 

U.S. PATENT DOCUMENTS 
(73) Assignees: The Regents of the University of 

California, Oakland, CA (Us); SymyX 2,981,607 A 4/1961 DonaoZko et a1. 
Technologies, Inc., Santa Clara, CA 3,431,077 A 3/1969 Danfofth 
(Us) 3,536,452 A 10/1970 Norton et a1. 

3,652,457 A 3/1972 Jaffe ........................ .. 252/442 

( * ) Notice: Subject to any disclaimer, the term ofthis 3’868’221 A 2/1975 Howard et a1‘ 
. . 3,871,935 A 3/1975 Eppleretal. 

patent 1s extended or adjusted under 35 4 004 935 A M977 Grosvenor et a1 
U-S-C- 154(1)) by 940 days- 4,099,923 A 7/1978 Milberger 

_ _ _ _ _ 4,185,468 A 1/1980 Adams, Jr. ................. .. 62/123 

T1115 Patent 15 sublect to a {61111111211 (115- 4,263,010 A 4/1981 Randolph .... .. . 23/230A 
claimer- 4,390,722 A 6/1983 Lahav et a1. 562/402 

4,422,151 A 12/1983 Gilson ..... .. 364/496 

(21) Appl.No.: 10/772,894 4,468,419 A 8/1984 McBride 427/266 
4,489,133 A 12/1984 Kornberg .................. .. 428/408 

(22) Filed: Feb. 4, 2004 4,728,502 A 3/1988 Hamill 
4,735,778 A 4/1988 Mar'uyama et a1. 

Prior Publication Data A Fujita et a1. . . . . . . . . . . . . . . . .. 4,859,538 A 8/1989 Ribi ...................... .. 428/474.4 

Us 2004/0154704 A1 Aug- 12, 2004 4,956,335 A 9/1990 Agostinelli et a1. 
4,990,216 A 2/1991 Fujita et a1. ............... .. 156/600 

Related U.S.Applicati0n Data 5,024,992 A 6/1991 Morris 

(60) Continuation of application No. 09/881,036, ?led on 5’034’359 A 7/1991 Fukushlina et al' 
. . 5,039,614 A 8/1991 DekmeZlan et a1. ......... .. 436/43 

Jun. 13, 2001, noW Pat. No. 6,864,201, Wh1ch1s a 5 045 916 A 9/l991 V 
. . . . . , , or et a1. 

dlvlslon of appllcatlon No. 09/127,195, ?led on Jul. 5 087 952 A 2/1992 Rl-bi 357/25 
31, 1998, noW Pat. No. 6,346,290, Which is a division 5,120,707 A 6/1992 """"""" " 

ofapplication No. 08/327,513, ?led on Oct. 18, 1994, 531433854 A 9/l992 Pimmg e, ,1‘ 
HOW PaI-NO- 5,985,356- 5,200,023 A 4/1993 Gifford etal. ............. .. 156/626 

5,242,675 A 9/1993 Verduijn ...... .. 423/700 

(51) Int- Cl- 5,256,241 A 10/1993 Noever .... .. 156/600 
301129/06 (200601) 5,268,162 A 12/1993 Ishida et a1. .............. .. 423/704 

301133/00 (200601) 5,288,514 A 2/1994 Ellman 
B05D 1/06 (2006.01) 5,306,411 A 4/1994 MaZanec et a1. .......... .. 204/265 

B05D 1/36 (2006.01) 5,324,483 A 6/1994 Cody et a1. 
G01N 31/10 (2006.01) 5,328,549 A 7/1994 BoZler et a1. .............. .. 437/226 



US 7,442,665 B2 
Page 2 

5,332,558 A 7/1994 Kaneyoshi et al. ....... .. 423/21.1 ConesaCegarra et al., “Empleo de la Espectroscopia R.S.E. en el 
5,344,236 A 9/1994 Fishman ...................... .. 374/5 Analisis no Destructivo de CataliZadores,” An. Quim. Supp. 1978 1 
5,356,756 A 10/1994 Cavicchi et al. 30-35. 
5,365,456 A 11/1994 Subbiah .................... .. 364/499 Costa et al., “Ethanol to Gasoline Process: Effect of Variables, 
5,367,403 A 11/ 1994 Yamamoto et al. Mechanism, and Kinetics,” Ind. Eng. Chem. Process Des. Dev. 1985 
5,384,261 A 1/1995 Winkler et al. 24(2) 239-244. 
5,416,613 A 5/1995 Rolleston et al. .......... .. 358/518 Creer et al., “The Design and Construction of a Multichannel 
5,445,934 A 8/ 1995 Fodor et al. Microreactor for Catalyst Evaluation,” Appl. Catal. 1986 22 85-95. 
5,478,800 A 12/ 1995 ItoZaki et al. Csencsits et al. “Microstructural Study of an Iron Silicate Catalyst by 
5,550,094 A 8/1996 Ali et al. ................... .. 502/115 Electron Microscopy,”ACS Symp. Ser. 1989 411 365-378. 
5,644,037 A 7/ 1997 Kaneyoshi et al. .... .. 534/16 Cwirla et al. “Peptides on Phage; a Vast Library of Peptides for 
5,801,113 A 9/1998 Jejelowo et al. ........... .. 502/104 Identifying Ligands”Proc. Natl. Acad Sci., vol. 87 (Aug. 1990), pp. 
5,847,105 A 12/1998 Baldeschwieler et al. .. 536/253 6378-6382. 
5,871,781 A 2/1999 Myers et al. ................. .. 425/9 Dadyburjor, D.B. “Selectivity Over Unifunctional Multicomponent 
6,015,880 A 1/ 2000 Baldeschweiler et al. Catalysts With Nonuniform Distribution of Components,” Ind. Eng. 
6,649,413 B1 11/2003 Schultz et al. Chem. Fundam. 1985 24 16027. 

DaSilva, E.M., et al., “Variable thin ?lm thickness apparatus,” IBM 
FOREIGN PATENT DOCUMENTS Technical Disclosure Bulletin, vol. 22, No. 7, pp. 2922, 1979. 

DE 27 14 939 ll / 1979 Davidova et al., “Effect of the Recation Medium on the Metal 
EP 0535 881 4/1993 Microstructure of Nickel-Zeolite Catalysts,” Stud Surf Sci. Catal. 

GB 2164636 8/1984 1982.12 253'260' . . . . . 

GB 2194847 3 / 1988 Devlin et al. “Random Peptide Libraries: A Source of Speci?c Protein 
JP 58_2236l8 0/1983 Binding Molecules” Science, vol. 249 (Jul. 27, 1990), pp. 404-406. 
JP 06027322 2/l994 DiSalvo, Francis J. “Solid-State Chemistry: A Rediscovered Chemi 
JP 6471954 6/l994 cal Frontier” Science, vol. 247 (Feb. 9, 1990), pp. 649-655. 
JP 6491828 7/1994 Ellington, Andrew D. and SZostak, Jack W. “In vitro Selection of 
JP 7_74003 3/l995 RNA Molecules that Bind Speci?c Ligands” Nature, vol. 346 (Aug. 
JP 07226884 8/1995 30, 1990), PP 818-822 
W0 WO 90/00626 1/1990 Fister et al. “Controlling Solid State Reactions via Rational Design of 
W0 WO 90/15070 12/1990 Superlattice Reactants,” in Advances in the Synthesis and Reactivity 
W0 W0 92/l0092 6/l992 ofSolids (city ofpublication?), JAI Press Inc., (1994), 155, et seq. 
W0 W0 93/0966g 5/1993 Fodor et al. “Light-Directed, Spatially Addressable Parallel Chemi 

cal Synthesis” Science, vol. 251 (Feb. 15, 1991), pp. 767-773. 
OTHER PUBLICATIONS Gallop et al., (1994) J. Med. Chem. 37 (9): 1233-1251 “Applications 

Archier et al., “Lateral-Chain Methylation of Toluene Over Baron 
and/or Zinc Modi?ed Cesium-X Zeolite,” Proc. Int. Zeolite Conf 9th 
(1993) 1 525-534. 
Barbas et al., “Assembly of Combinatorial Antibody Libraries on 
Phage Surfaces: The Gene III Site” Proc. Natl. Acad. Sci., vol. 88 
(Sep. 1991), pp. 7978-7982. 
BednorZ, et al. “Possible High Tc Superconductivity in the Ba-La 
Cu-O System” Zeitschrift fur PhysikB, Condensed Matter 64 (1986) 
pp. 189-193. 
Berlincourt, “Proposed Search For High-Temperature Superconduc 
tors” Research Proposal (Aug. 28, 1973). 
Berteau et al., “Acid-Base Properties of Silica-Aluminas: Use of 
l-butanol Dehydration as a Test Reaction,” Appl. Catal. (1991) 70 
307-323. 
Blake, James and LitZi-Davis, Leonara. “Evaluation of Peptide 
Libraries: An Iterative Strategy to Analyze the Reactivity of Peptide 
Mixtures with Antibodies” Bioconjugate Chem., vol. 3, No. 6, 
(1992), pp. 510-513. 
Boguar, J ., “Method for the Quantitative Evaluation of Catalytic 
Reactions: The Simultaneous Comparison Method,” Mikrochim. 
Ichnoanal. Acta (1963) 801-828 (translation). 
Bray, et al., “The Simultaneous Multiple Production of Solution 
Phase Peptides; Assessment of the Geysen Method of Simultaneous 
Peptide Synthesis” Tetrahedron Letters, vol. 31, No. 40, (1990), pp. 
5 81 1-5814. 

Briceno, et al., Science, 270:273-275 (1995). 
Bunin et al., “The Combinatorial Synthesis and Chemical and Bio 
logical Evaluation of 1,4-benZodiaZepine Library” Proc. Natl. Acad. 
Sci. USA, vol. 91 (May 1994), pp. 4708-4712. 
Calleja et al., “Carbon Monoxide Hydrogenation Over Fe/HZSM-5 
Catalysts. Effect of SiO2/Al2O3 Zeolite Ratio,” Catal. Lett. 1993 18 
65-71 . 

Camblor et al., “In?uence of the Synthesis Procedure and Chemical 
Composition on the Activity of Titanium in Ti-Beta Catalysts,” Stud. 
Surf Sci. Catal. 1994 82 531-540. 
Cava, R.J. “Structural Chemistry and the Local Charge Picture of 
Copper Oxide Superconductors.” Science, vol. 247 (Feb. 9, 1990), 
pp. 656-662. 

of Combinatorial Technologies to Drug Discovery. 1. Background 
and Peptide Combinatorial Libraries”. 
Gehrer et al., “A Fully Programmable System for the Study of Cata 
lytic Gas Reactions,” J Phys. E. Sci. Instrum. 1985 18 836-838. 
Georgiades et al., “IR Emission Analysis of Termperature Pro?les in 
Pt/SiO2 Catalysts During Exothermic Reactions,” Angew. Chem. Int. 
Ed. Engl, 26(10):1042-1043 (1987). 
Geysen et al. “Strategies for Epitope Analysis Using Peptide Synthe 
sis” Journal oflmmunological Methods, 102 (1987), pp. 259-274. 
Hanak, “A Step Toward Automation of Materials Research,” RCA 
Technical Report (Apr. 3, 1969). 
Hanak, “The ‘Multiple-Sample Concept’ in Materials Research: Syn 
thesis, Compositional Analysis and Testing of Entire 
Multicomponent Systems,” J. Mat. Sci. 5: 964-971 (1970). 
Hanak, J .J ., “Calculation of composition of dilute cosputtered 
multicomponent ?lms,” J Appl. Phys., vol. 44, No. 11, pp. 5142 
5147, 1973. 
Hanak, J .J ., “Compositional determination of rf co-sputtered 
multicomponent systems,” The Journal of Vacuum Science and Tech 
nology, vol. 8, No. 1, pp. 172-175,1971. 
Hanak, J .J., “Electroluminescence in ZnS : Mnx. Cuy rf-sputtered 
?lms,” Japan J Appl. Phys., Suppl. 2, Pt. 1, pp. 809-812, 1974. 
Hanak, J .J ., et al., “Radio-frequency-sputtered ?lms of B-tungsten 
structure compounds,” Journal ofAllied Physics, vol. 41, No. 12, pp. 
4958-4962, 1970. 
Hanak, J .J ., et al., “The effect of grain siZe on the superconducting 
transition temperature of the transition metals,” Physics Letters, vol. 
30A, No. 3, pp. 201-202, 1969. 
Hardisty, et al., “Thermal Imaging in Electronics and Rotating 
Machinery,” British Journal of NDT , 36(2): 73-78 (1994). 
Hickson et al., “The Thermal Behavior of Crystalline 
Aluminosilicate Catalysts,” J Catal. 1968 10 27-33. 
Hor et al. “High-Pressure Study of the New Y-Ba-Cu-O 
Superconducting Compound System” Physical Review Letters, vol. 
58, No. 9 (Mar. 2, 1987) pp. 911-912. 
Hor et al. “Superconductivity at 93 K in New Mixed-PhaseY-Ba-Cu 
O-Compound System” Physical RevieWLetters, vol. 58, No. 9 (Mar. 
2, 1987) pp. 908-910. 



US 7,442,665 B2 
Page 3 

Houghton et al. “Generation and Use of Synthetic Peptide 
Combinatorial Libraties for Basic Research and Drug Discovery.” 
Nature, vol. 354 (Nov. 7, 1991), pp. 84-86. 
Jin et al. “Thousandfold Change in Resistivity in Magnetoresistive 
La-Ca-Mn-O Films.” Science vol. 264 (Apr. 15, 1994), pp. 413-415. 
Jonker, et al., Physica, XIX:120-130 (1953). 
Karge et al., “Studies on the Modi?ed Claus Reaction Over Alkaline 
Faujasites by Simultaneous Infrared, Kinetics, and ESR Measure 
ments,” Stud. Surf Sci. Catal. 1984 18 49-59. 
Karge et a1 ., “Spectroscopic Investigations on Deactivation of Zeolite 
Catalysts During Reactions of Ole?ns,” Catal. Today 1988 3 379 
386. 
Karge et al., “Preparation of Bifunctional Catalysts by Solid-State 
Ion Exchange in Zeolites and Catalytic Tests,” Stud. Surf Sci. Catal. 
1993 75 257-270. 
Kiezel, L. et al., “Comparative Semi -Micromethod of Studying Cata 
lyst Activity,” Chemia Stosowana (Applied Chemistry) XIL JA 107 
(1968) (Translation). 
Korneichuk et al., “Block Multichannel Single-Row Reactor of Ideal 
Displacement,”0 Chem. Abstracts 1977 87 (8): Abstract No. 54929z. 
Korneichuk et al., “Block Multichannel Isothermal Reactor,” Chem. 
Abstracts 1977 87(8): Abstract No. 54930t. 
Korneichuk et al. 1977a Kinet. Katal. 18 244-247. 
Korneichuk et al. 1977b Kinet. Katal. 18 247-251. 
Kubelkova et al., “H- and Cu- Forms of MFI Boralites With Enhanced 
Number of Skeletal Boron Atoms. Synthesis and Properties,” Stud. 
Surf Sci. Catal. 1994 84 1051-1058. 
Kulkova, N.V. et al., “An Apparatus for Testing Catalysts of the 
Oxidation of Ethylene Into Ethylene Oxide,” The Chemical Industry, 
Issue 9, (1968), pp. 16-18 (Translation). 
Lam et al. “A new type of Synthetic Peptide Library for Identifying 
Liband-binding Activity.” Nature, vol. 354 (Nov. 7, 1994), pp. 82-84. 
Lavelley et al., “In situ Fourier-Transform Infrared Studies of Reac 
tion Mechanisms in Heterogeneous Catalysis,” SPIE 1990 1341 244 
255. 
Leasure et al., (1994) Inorg. Chem. 33 (7): 1247-1248 “Photochemi 
cal Preparation of a Film-Based Catalyst with Spatial Control”. 
Lerner, et al. “At the Crossroads of Chemistry and Immunology: 
Catalytic Antibodies.” Science, vol. 242 (May 3, 1991), pp. 659-667. 
Liederman, D. et al., American Chemical Society, Dallas Meeting, 
Apr. 8-13, 1973, Evaluation of Co/Hydrocarbon Oxidation Catalysts 
For Automotive Emission Control Systems, 15-32. 
Lobban, et al., “Standing Temperature Waves on Electrically Heated 
Catalytic Ribbons,” J Phys. Chem., 93:733-736 (1989). 
Maeda et al. “A New High-Tc Oxide Superconductor without a Rare 
Earth Element.” The Journal ofApplied Physics, vol. 27, No. 2 (Feb. 
1988), pp. L209-L210. 
Mahendiran, et al., Rev. Sci. Instrum., 66(4):3071-3072 (1995). 
Martin et al., (1993) Analytical Chimica Acta 281: 557-568 “Inte 
grated enzyme reactor/detector for the determination of multiple 
substrates by images analysis”. 
Meriaudeau et al., “Dual Function Mechanism of Alkane Aromatiza 
tion Over H-XSM-5 Supported Ga, Zn, Pt Catalysts: Respective Role 
ofAcidity and Additive,” Stud Surf Sci. Catal. 1991 60 267-269. 
Miessner et al., “Characterization of Hi ghly Dealuminated Fauj asite 
type Zeolites: Ultrastable Zeolite Y and ZSM-20,” J Phys. Chem. 
1993 94 9741-9748. 
Moates, et al., “Infrared Thermographic Screening of Combinatorial 
Libraries of Heterogeneous Catalysts,” Ind. Eng. Chem. Res., 
35:4801-4803 (1996). 
Morrison, Jr., et al., “In situ Infrared Measurements During Hot 
Filament CVD of Diamond in a Rotating Substrate Reactor,” Dia 
mond and Related Metals, 5:242-246 (1996). 
Needels et al. “Generation and Screening of an Oligonucleotide 
encoded Synthetic Peptide Library.”Proc. Natl. Acad. Sci. USA, vol. 
90 (Nov. 1993), pp. 10700-10704. 
Ohlmeyer et al. “Complex Synthetic Chemical Libraries Indexed 
with Molecular Tags.” Proc. Natl. Acad. Sci. USA, vol. 90 (Dec. 
1993), pp. 10922-10926. 
Pawlicki, et al., “Spatial Effects on Supported Catalysts,” Chemical 
Engineering Progress, pp. 40-45 (1987). 
Pollack, Scott J. “Selective Chemical Catalysis by an Antibody.” 
Science, vol. 234 (Dec. 19, 1986) pp. 1570-1573. 

Reddy et al., “Synthesis, Characterization, and Catalytic Properties 
of Metallo-titanium Silicate Molecular Sieves With MEL Topology,” 
J Catal. 1994 145 73-78. 
Richardson et al. (1989) Applied Catalysis 48: 159-176 “Character 
ization and Deactivation of NiO-ThOZ”. 
Richter et al., “Isomerization of Meta-xylene Over Pentasil-type 
Microporus Gallosilicates,” Ber. Bunsen-Ges. Phys. Chem. 1992 96 
586-597. 

Rogers et al., “DTA Apparatus as a Catalytic Microreactor with 
On-line Analysis of the Products,” Appl. Catal. 1989 51 181-194. 
Sato et al., Stud. Surf Sci. Catal., 1994 84 1951-1958. 
Scott, Jamie K. and Smith, George P. “Searching for Peptide Ligands 
with an Epitope Library.” Science, vol. 249 (Jul. 27, 1990), pp. 
386-390. 

Shukla et al., “Isomerization and Hydrolysis Reactions of Important 
Di-saccharides Over Inorganic Heterogeneous Catalysts,” 
Carbohydr Res. 1985 143 97-106. 
Sleight, A.W. “Chemistry of High-Temperature Superconductors.” 
Science, vol. 242 (Dec. 16, 1988), pp. 1519-1527. 
Stein et al., “Silver, Sodium Halosodalites: Class A Sodalites,” J Am. 
Chem. Soc. 1992114 5171-5186. 

Steininger et al., “Four-Reactor Apparatus For Chromatographic 
Studies of Catalysts and Sorbents,”J Chromatog. 1982 243 279-284. 
Sullivan et al., “Surface Analysis with FT-IR Emission Spectros 
copy,” Appl. Spectrosc. 1992 46(5) 811-818. 
Temkin et al., Kinet. Katal. 1969 10 461-463. 
Tramontano et al. “Catalytic Antibodies.” Science, vol. 234 (Dec. 19, 
1986), pp. 1566-1570. 
Treacy et al., “A Combinatorial Method for Generating New Zeolite 
Frameworks,” Proc. Int. Zeolite Conf d‘ 1993 1 381-388. 
Tuerk, Craig and Gold, Larry. “Systematic Evolution of Ligands by 
Exponential Enrichment: RNA Ligands to Bacteriophage T4 DAN 
Polymerase.” Science, vol. 249 (Aug. 3, 1990), pp. 505-510. 
Vignes, S., et al., Compt. Rend. Congr. Ind. Gaz. 1961, 78, 405-411. 
Wachs et al., “Applications of Raman Spectroscopy to Heteroge 
neous Catalysis,” Catalysis 1993 10 102-153. 
Wang, H., et al., Ceram. Trans. 1996, 74, 609-618. 
Yamaguchi, et al., Journal of the Physical Society of Japan, 64(6): 
1885-1888 (1995). 
Carter, Charles W. Jr. et al. “Protein Crystallization Using Incomplete 
Factorial Experiments*” The Journal of Biological Chemistry vol. 
254, No. 23, Issue ofDec. 10, pp. 12219-12223, 1979. 
Carter, Charles W. Jr. et al. “Statistical Design of Experiments for 
Protein Crystal Growth and the Use of a Precrystallization Assay” 
Journal of Crystal Growth 90 (1988) 60-73. 
Doudna, Jennifer A. “Crystallization of Ribozymes and Small RNA 
Motifs by a Sparse Matrix Approach” Proc. Natl. Acad. Sci. USA, vol. 
90, pp. 7829-7833, Aug. 1993. 
Eckstein, RJ et al. “Unattended, Robotic Drug-Release Testing of 
Enterically Coated Aspirin”Anal. Chem. 1986, 58, 2316-2320. 
Gallop, Mark A. et al. “Applications of Combinatorial Technologies 
to Drug Discovery. 1 . Background and Peptide Combinatorial Librar 
ies”Journal ofMedical Chemistry, vol. 37, 9, 1994, pp. 1233-1251. 
Garber, M.B. et al. “Puri?cation and Crystallization of Components 
of the Protein-Synthesizing System from Thermus thermophilus” 
Journal ofCrystal Growth 110 (1991) 228-236. 
George, Ronald C. “Automated Dissolution Testing of Sustained 
Release Tablets” American Laboratory (Fair?eld Connecticut), vol. 
20, No. 2, Feb. 1988. 
Gordon, Eric M. et al. “Applications of Combinatorial Technologies 
to Drug Discovery. 2. Combinatorial Organic Synthesis, Library 
Screening Strategies, and Future Directions” Journal of Medical 
Chemistry, vol. 37, 10, 1994, pp. 1385-1401. 
Holzenburg, Andreas “Preparation of Two-Dimensional Arrays of 
Soluble Proteins as Demonstrated for Bacterial D-Ribulose-1,5 
bipho sphate Carboxylase/Oxygenase” Methods in Microbiology vol. 
26*, pp. 341-356. 
Kelders, HenkA. et al. “Automated Protein Crystallization and a New 
Crystal Form of a Stubtilisin:eglin Complex” Protein Engineering, 
vol. 1, No. 4, pp. 301-303, 1987. 



US 7,442,665 B2 
Page 4 

Martin, RA. et al., “Automation of Microtiter Plate-chromogenic 
Substrate LAL Endotoxin Assay Method By Use of a Modi?ed Cetus 
Pro/Pette Express System”, J. Parenter. Sci. Technol. vol. 40, No. 2 
Mar. 1986, pp. 61-66. 
Martinez, Sergio E. et al. “Crystallization and Preliminary Charac 
terization of Mitogillin, a Ribosomal Ribonuclease from Aspergillus 
restrictus”J'. Mol. Biol. (1991) 218, 489-492. 
McPherson, Alexander “Two Approaches to the Rapid Screening of 
Crystallization Conditions” Journal of Crystal Growth 122 (1992) 
161-167. 
Paul, Andreas et al. “Two-dimensional Crystallization of a Bacterial 
Surface Protein on Lipid Vesicles Under Controlled Conditions” 
Biophys. 1. vol. 61, Jan. 1992, pp. 172-188. 
Uzgiris, Egidijus E. et al. “Two-dimensional Crystallization Tech 
nique for Imaging Macromolecules, With Application to Antigen 
antibody-complement Complexes” Nature vol. 301, Jan. 13, 1983, 
pp. 125-129. 
Chayen, N., et al., “An Automated System for Micro-Batch Protein 
Crystallization and Screening,” J. Appl. Cryst., 1990, pp. 297-302, 
vol. 23. 
Schrader, B., et al., “Time-Resolved and Two-Dimensional NIR FT 
Raman Spectroscopy,” Applied Spectroscopy, 1993, pp. 1425-1456, 
vol. 47, No. 9. 
Treado, P, et al., “High-Fidelity Raman Imaging Spectrometry: A 
Rapid Method Using an Acousto-optic Tunable Filter,” Applied 
Spectroscopy, 1992, pp. 1211-1216, vol. 46, No. 8. 
Yu, N., et al., “Comparison of Protein Structure in Crystals and in 
Solution by Laser Raman Scattering,” Archives of Biochemistry and 
Biophysics, 1973, pp. 469-474, vol. 156. 
Zhu, L., et al., “Quantitative Structural Comparisons of Heme Protein 
Crystals and Solutions Using Resonance Raman Spectroscopy,” Bio 
chemistry, 1993, pp. 11181-11185, vol. 32. 
Cox, M., et al., “An Investigation of Protein Crystallization Param 
eters Using Automated Grid Searches (SAGS),” Journal of Crystal 
Growth, 1988, pp. 318-324, vol. 90. 
Delhaye M., “Rapid Scanning Raman Spectroscopy,” Applied 
Optics, Nov. 1968, pp. 2195-2199, vol. 7, No. 11. 

Schrader, B., et al., “Time-Resolved and Two-Dimensional NIR FT 
Raman Spectroscopy,” Society for Applied Spectroscopy, 1993, pp. 
1452-1456, vol. 47, No. 9. 
Treado, P., “High-Fidelity Raman Imaging Spectrometry: A Rapid 
Method Using an Acousto-optic Tunable Filter,” Society for Applied 
Spectroscopy, 1992, pp. 1211-1216, vol. 46, No. 8. 

Primary ExamineriBrian R. Gordon 
(74) Attorney, Agent, or FirmiSenniger Powers LLP 

(57) ABSTRACT 

Methods and apparatus for the preparation and use of a sub 
strate having an array of diverse materials in prede?ned 
regions thereon. A substrate having an array of diverse mate 
rials thereon is generally prepared by delivering components 
of materials to prede?ned regions on a substrate, and simul 
taneously reacting the components to form at least two mate 
rials. Materials which can be prepared using the methods and 
apparatus of the present invention include, for example, cova 
lent network solids, ionic solids and molecular solids. More 
particularly, materials which can be prepared using the meth 
ods and apparatus of the present invention include, for 
example, inorganic materials, intermetallic materials, metal 
alloys, ceramic materials, organic materials, organometallic 
materials, non-biological organic polymers, composite mate 
rials (e.g., inorganic composites, organic composites, or com 
binations thereof), etc. Once prepared, these materials can be 
screened for useful properties including, for example, elec 
trical, thermal, mechanical, morphological, optical, mag 
netic, chemical, or other properties. Thus, the present inven 
tion provides methods for the parallel synthesis and analysis 
of novel materials having use?ll properties. 

30 Claims, 10 Drawing Sheets 
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PREPARATION AND SCREENING OF 
CRYSTALLINE INORGANIC MATERIALS 

This application is a continuation application of copending 
US. patent application Ser. No. 09/881,036, Which itselfis a 
divisional application of US. patent application Ser. No 
09/127,195 ?led Jul. 31, 1998 andnoW issued as US. Pat. No. 
6,346,290 to Schultz et al., Which itself is a divisional appli 
cation of US. patent application Ser. No.08/327,513 ?led 
Oct. 18, 1994 and noW issued as US. Pat. No. 5,985,356 to 
Schultz et al. 

STATEMENT OF GOVERNMENT INTEREST 

This invention Was made With Government support pursu 
ant to Contract No. DE-AC03-76SF00098 aWarded by the 
Department of Energy. The Government has certain rights in 
this invention. 

FIELD OF THE INVENTION 

The present invention generally relates to methods and 
apparatus for the parallel deposition, synthesis and screening 
of an array of diverse materials at knoWn locations on a single 
substrate surface. The invention may be applied, for example, 
to prepare covalent netWork solids, ionic solids and molecular 
solids. More speci?cally, the invention may be applied to 
prepare inorganic materials, intermetallic materials, metal 
alloys, ceramic materials, organic materials, organometallic 
materials, non-biological organic polymers, composite mate 
rials (e.g., inorganic composites, organic composites, or com 
binations thereof), etc. Once prepared, these materials can be 
screened in parallel for useful properties including, for 
example, electrical, thermal, mechanical, morphological, 
optical, magnetic, chemical, and other properties. 

BACKGROUND OF THE INVENTION 

The discovery of neW materials With novel chemical and 
physical properties often leads to the development of neW and 
useful technologies. Over forty years ago, for example, the 
preparation of single crystal semiconductors transformed the 
electronics industry. Currently, there is a tremendous amount 
of activity being carried out in the areas of superconductivity, 
magnetic materials, phosphors, nonlinear optics and high 
strength materials. Unfortunately, even though the chemistry 
of extended solids has been extensively explored, feW general 
principles have emerged that alloW one to predict With cer 
tainty composition, structure and reaction pathWays for the 
synthesis of such solid state compounds. Moreover, it is dif 
?cult to predict a priori the physical properties a particular 
three dimensional structure Will possess. Consider, for 
example, the synthesis of theYBa2Cu3O7_8 superconductor in 
1987. Soon after the discovery of the La2_,€SrxCuO4 super 
conductor, Which adopts the KZNiF4 structure (Bednorz, J. G. 
and K. A. Muller, Z. Phy. B 64:189 (1986), it Was observed 
that the application of pressure increased the transition tem 
perature (Chu, et al, Phys. Rev. Len. 581405 (1 987)). As such, 
Chu, et al. attempted to synthesize a YiBa4Cu4O com 
pound of the same stoichiometry in the hope that substitution 
of the smaller element, i.e., yttrium, for lanthanum Would 
have the same effect Although they found superconductivity 
above 93K, no phase With K2NiF4 structure Was observed 
(Wu, et al., Phys. Rev. Len. 58:908 (1987)). Even for the 
relatively simple intermetallic compounds, such as the binary 
compounds of nickel and zirconium (NiSZr, Ni7Zr2, Ni3Zr, 
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2 
Ni2Zr8, Ni 1OZr7, Ni 1 lZr9, NiZr and NiZrZ), it is not yet under 
stood Why only certain stoichiometries occur. 

Clearly, the preparation of neW materials With novel chemi 
cal and physical properties is at best happenstance With our 
current level of understanding. Consequently, the discovery 
of neW materials depends largely on the ability to synthesize 
and analyze neW compounds. Given approximately 100 ele 
ments in the periodic table Which can be used to make com 
positions consisting of three, four, ?ve, six or more elements, 
the universe of possible neW compounds remains largely 
unexplored. As such, there exists a need in the art for a more 
e?icient, economical and systematic approach for the synthe 
sis of novel materials and for the screening of such materials 
for useful properties. 
One of the processes Whereby nature produces molecules 

having novel functions involves the generation of large col 
lections (libraries) of molecules and the systematic screening 
of those libraries for molecules having a desired property. An 
example of such a process is the humoral immune system 
Which in a matter of Weeks sorts through some 1012 antibody 
molecules to ?nd one Which speci?cally binds a foreign 
pathogen (N isonoff, et al., T heAnlibody Molecule (Academic 
Press, NeW York, 1975)). This notion of generating and 
screening large libraries of molecules has recently been 
applied to the drug discovery process. The discovery of neW 
drugs can be likened to the process of ?nding a key Which ?ts 
a lock of unknoWn structure. One solution to the problem is to 
simply produce and test a large number of different keys in the 
hope that one Will ?t the lock. 

Using this logic, methods have been developed for the 
synthesis and screening of large libraries (up to 1014 mol 
ecules) of peptides, oligonucleotides and other small mol 
ecules. Geysen, et al., for example, have developed a method 
Wherein peptide syntheses are carried out in parallel on sev 
eral rods or pins (see, J. Immun. Melh. 102:259-274 (1987), 
incorporated herein by reference for all purposes). Generally, 
the Geysen, et al method involves functionalizing the termini 
of polymeric rods and sequentially immersing the termini in 
solutions of individual amino acids. In addition to the Geysen, 
et al. method, techniques have recently been introduced for 
synthesizing large arrays of different peptides and other poly 
mers on solid surfaces. Pirrung, et al., have developed a 
technique for generating arrays of peptides and other mol 
ecules using, for example, light-directed, spatially-address 
able synthesis techniques (see, US. Pat. No. 5,143,854 and 
PCT Publication No. W0 90/ 15070, incorporated herein by 
reference for all purposes). In addition, Fodor, et al. have 
developed, among other things, a method of gathering ?uo 
rescence intensity data, various photosensitive protecting 
groups, masking techniques, and automated techniques for 
performing light-directed, spatially-addressable synthesis 
techniques (see, Fodor, et al., PCT Publication No. W0 
92/ 10092, the teachings of Which are incorporated herein by 
reference for all purposes). 

Using these various methods, arrays containing thousands 
or millions of different elements can be formed (see, US. 
patent application Ser. No. 805,727, ?led Dec. 6, 1991, the 
teachings of Which are incorporated herein by reference for 
all purposes). As a result of their relationship to semiconduc 
tor fabrication techniques, these methods have come to be 
referred to as “Very Large Scale Immobilized Polymer Syn 
thesis,” or “VLSIPSTM” technology. Such techniques have 
met With substantial success in, for example, screening vari 
ous ligands such as peptides and oligonucleotides to deter 
mine their relative binding a?inity to a receptor such as an 
antibody. 



US 7,442,665 B2 
3 

The solid phase synthesis techniques currently being used 
to prepare such libraries involve the stepWise, i.e., sequential, 
coupling of building blocks to form the compounds of inter 
est. In the Pirrung, et al. method, for example, polypeptide 
arrays are synthesized on a substrate by attaching photore 
movable groups to the surface of the substrate, exposing 
selected regions of the substrate to light to activate those 
regions, attaching an amino acid monomer With a photore 
movable group to the activated region, and repeating the steps 
of activation and attachment until polypeptides of the desired 
length and sequences are synthesized. These solid phase syn 
thesis techniques, Which involve the sequential coupling of 
building blocks (e.g., amino acids) to form the compounds of 
interest, cannot readily be used to prepare many inorganic and 
organic compounds. 
From the above, it is seen that a method and apparatus for 

synthesizing and screening libraries of mats, such as inor 
ganic materials, at known locations on a substrate is desired. 

SUMMARY OF THE INVENTION 

The present invention provides methods and apparatus for 
the preparation and use of a substrate having an array of 
diverse materials in prede?ned regions thereon. A substrate 
having an array of diverse materials thereon is prepared by 
delivering components of materials to prede?ned regions on 
the substrate, and simultaneously reacting the components to 
form at least tWo materials. Materials Which can be prepared 
using the methods and apparatus of the present invention 
include, for example, covalent netWork solids, ionic solids 
and molecular solids. More particularly, materials Which can 
be prepared include inorganic materials, intermetallic mate 
rials, metal alloys, ceramic materials, organic materials, orga 
nometallic materials, non-biological organic polymers, com 
posite materials (e.g., inorganic composites, organic 
composites, or combinations thereof), etc. Once prepared, 
these materials can be screened in parallel for useful proper 
ties including, for example, electrical, thermal, mechanical, 
morphological, optical, magnetic, chemical and other prop 
erties. As such, the present invention provides methods and 
apparatus for the parallel synthesis and analysis of novel 
materials having neW and useful properties. Any material 
found to possess a useful property can be subsequently pre 
pared on a large-scale. 

In one embodiment of the present invention, a ?rst com 
ponent of a ?rst material is delivered to a ?rst region on a 
substrate, and a ?rst component of a second material is deliv 
ered to a second region on the same substrate. Thereafter, a 
second component of the ?rst material is delivered to the ?rst 
region on the substrate, and a second component of the sec 
ond material is delivered to the second region on the substrate. 
The process is optionally repeated, With additional compo 
nents, to form a vast array of components at prede?ned, i.e., 
knoWn, locations on the substrate. Thereafter, the compo 
nents are simultaneously reacted to form at least tWo materi 
als. The components can be sequentially or simultaneously 
delivered to prede?ned regions on the substrate in any sto 
ichiometry, including a gradient of stoichiometries, using any 
of a number of different delivery techniques. 

In another embodiment of the present invention, a method 
is provided for forming at least tWo different arrays of mate 
rials by delivering substantially the same reaction compo 
nents at substantially identical concentrations to reaction 
regions on both ?t and second substrates and, thereafter, 
subjecting the components on the ?rst substrate to a ?rst set of 
reaction conditions and the components on the second sub 
strate to a second set of reaction conditions. Using this 
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4 
method, the effects of the various reaction parameters can be 
studied on many materials simultaneously and, in turn, such 
reaction parameters can be optimized. Reaction parameters 
Which can be varied include, for example, reactant amounts, 
reactant solvents, reaction temperatures, reaction times, the 
pressures at Which the reactions are carried out, the atmo 
spheres in Which the reactions are conducted, the rates at 
Which the reactions are quenched, the order in Which the 
reactants are deposited, etc. 

In the delivery systems of the present invention, a small, 
precisely metered amount of each reactant component is 
delivered into each reaction region. This may be accom 
plished using a variety of delivery techniques, either alone or 
in combination With a variety of masking techniques. For 
example, thin-?lm deposition in combination With physical 
masking or photolithographic techniques can be used to 
deliver various reactants to selected regions on the substrate. 
Reactants can be delivered as amorphous ?lms, epitaxial 
?lms, or lattice and superlattice structures. Moreover, using 
such techniques, reactants can be delivered to each site in a 
uniform distribution, or in a gradient of stoichiometries. 
Alternatively, the various reactant components can be depos 
ited into the reaction regions of interest from a dispenser in 
the form of droplets or poWder. Suitable dispensers include, 
for example, micropipettes, mechanisms adapted from ink-j et 
printing technology, or electrophoretic pumps. 
Once the components of interest have been delivered to 

prede?ned regions on the substrate, they can be reacted using 
a number of different synthetic routes to form an array of 
materials. The components can be reactedusing, for example, 
solution based synthesis techniques, photochemical tech 
niques, polymerization techniques, template directed synthe 
sis techniques, epitaxial groWth techniques, by the sol-gel 
process, by thermal, infrared or microWave heating, by calci 
nation, sintering or annealing, by hydrothermal methods, by 
?ux methods, by crystallization through vaporization of sol 
vent, etc. Thereafter, the array can be screened for materials 
having useful properties. 

In another embodiment of the present invention, an array of 
inorganic materials on a single substrate at prede?ned regions 
thereon is provided. Such an array can consists of more than 
10, 102, 103, 104, 105 or 106 different inorganic compounds. It 
should be noted that When gradient libraries are prepared in 
each of the prede?ned reaction regions, a virtually in?nite 
number of inorganic materials can be prepared on a single 
substrate. In some embodiments, the density of regions per 
unit area Will be greater than 0.04 regions/cm2, more prefer 
ably greater than 0.1 regions/cm2, even more preferably 
greater than 1 region/cm2, even more preferably greater than 
10 regions/cm2, and still more preferably greater than 100 
regions/cm2. In most preferred embodiments, the density of 
regions per unit area Will be greater than 1,000 regions/cm2, 
more preferably 10,000 regions/cm2, even more preferably 
greater than 100,000 regions/cm2, and still more preferably 
10,000,000 regions/cm2. 

In yet another aspect, the present invention provides a 
material having a useful property prepared by: forming an 
array of materials on a single substrate; screening the array for 
a materials having a useful property; and making additional 
amounts of the material having the useful property. As such, 
the present invention provides methods and apparatus for the 
parallel synthesis and analysis of novel materials having neW 
and useful properties. 
A further understanding of the nature and advantages of the 

inventions herein may be realized by reference to the remain 
ing portions of the speci?cation and the attached draWings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an example of a reaction system employ 
ing an eight RF magnetron sputtering gun. 

FIG. 2 illustrates masking of a substrate at a ?rst location. 
The substrate is shoWn in cross-section; 

FIGS. 3A-3I illustrate the use of binary masking tech 
niques to generate an array of reactants on a single substrate; 

FIGS. 4A-4I illustrate the use of physical masking tech 
niques to generate an array of reactants on a single substrate; 

FIGS. 5A-5M illustrate the use of physical masking tech 
niques to generate an array of reactants on a single substrate; 

FIG. 6 displays the elements of a typical guided droplet 
dispenser that may be used to delivery the reactant solution of 
the present invention; 

FIG. 7 illustrates an example of a Scanning RF Suscepti 
bility Detection System Which can be used to detect the super 
conductivity of an array of materials; 

FIG. 8 is a map of the reactant components delivered to the 
16 prede?ned regions on the MgO substrate; 

FIG. 9 is a photograph of the array of 16 different com 
pounds on the 1.25 cm><l.25 cm MgO substrate; and 

FIG. 10A-10B illustrate the resistance of the tWo conduct 
ing materials as a function of temperature. 

DETAILED DESCRIPTION OF THE INVENTION 
AND PREFERRED EMBODIMENTS 

CONTENTS 

I. Glossary 
II. General OvervieW 
III. Isolation of Reaction Regions on the Substrate 
IV. Methods for Delivery of Reactant Components 

A. Delivery Using Thin-Film Deposition Techniques 
B. Delivery Using a Dispenser 

V. Moving the Dispenser With Respect to the Substrate 
VI. Synthetic Routes for Reacting the Array of Components 
VII. Methods for Screening an Array of Materials 
VIII. Alternative Embodiments 
IX. Examples 

A. Synthesis of anArray of Copper Oxide Thin-Film Mate 
rials 

B. Synthesis of an Array of 16 Different Organic Polymers 
C. Synthesis of anArray of Different Zeolites 
D. Synthesis of an Array of Copper Oxide Compounds 

Using Spraying Deposition Techniques 
E. Synthesis of an Array of Manganese Oxide Thin-?lm 

Materials 
X. Conclusion 

I. Glossary 
The folloWing terms are intended to have the folloWing 

general meanings as they are used herein. 
1. Substrate: A material having a rigid or semi-rigid surface. 

In many embodiments, at least one surface of the substrate 
Will be substantially ?at, although in some embodiments it 
may be desirable to physically separate synthesis regions 
for different materials With, for example, dimples, Wells, 
raised regions, etched trenches, or the like. In some 
embodiments, the substrate itself contains Wells, raised 
regions, etched trenches, etc. Which form all or part of the 
synthesis regions. According to other embodiments, small 
beads or pellets may be provided on the surface Within 
dimples or on other regions of the surface or, alternatively, 
the small beads or pellets may themselves be the substrate. 
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2. Prede?ned Region: A prede?ned region is a localiZed area 
on a substrate Which is, Was, or is intended to be used for 
formation of a selected material and is otherWise referred 
to herein in the alternative as “knoWn” region, “reaction” 
region, a “selected” region, or simply a “region.” The pre 
de?ned region may have any convenient shape, e. g., circu 
lar, rectangular, elliptical, Wedge-shaped, etc. Addition 
ally, the prede?ned region, i.e., the reaction site, can be a 
bead orpellet Which is coated With a reactant component(s) 
of interest. In this embodiment, the bead or pellet can be 
identi?ed With a tag, such as an etched binary bar code that 
can be used to indicate the history of the bead or pellet, i.e., 
to identify Which components Were deposited thereon. In 
some embodiments, a prede?ned region and, therefore, the 
area upon Which each distinct material is synthesiZed is 
smaller than about 25 cm2, preferably less than 10 cm2, 
more preferably less than 5 cm2, even more preferably less 
than 1 cm2, still more preferably less than 1 m2, and even 
more preferably less than 0.5 m2. In most preferred 
embodiments, the regions have an area less than about 
10,000 umz, preferably less than 1,000 umz, more prefer 
ably less than l00 umz, and even more preferably less than 
10 um2. 

3. Radiation: Energy Which may be selectively applied 
inc4luding energy having a Wavelength betWeen 10'4 and 
10 meters including, for example, electron beam radiation, 
gamma radiation, x-ray radiation, ultraviolet radiation, vis 
ible light, infrared radiation, microWave radiation and 
radio Waves. “Irradiation” refers to the application of radia 
tion to a surface. 

4. Component: “Component” is used herein to refer to each of 
the individual chemical substances that act upon one 
another to produce a particular material and is otherWise 
referred to herein in the alternative as “reactant” or “reac 
tant component.” That is to say, the components or, alter 
natively, reactants are the molecules that act upon one 
another to produce a neW molecule(s), i.e., product(s); for 
example, in the reaction HCl+NaOH—>NaCl+H2O, the 
HCl and the NaOH are the components or reactants. 

5. Material: The term “material” is used herein to refer to 
solid-state compounds, extended solids, extended solu 
tions, clusters of molecules or atoms, crystals, etc. 

6. Covalent NetWork Solids: Solids that consist of atoms held 
together in a large netWork of chains by covalent bonds. 
Such covalent netWork solids include, but are not limited 
to, diamond, silicon nitride, graphite, bunkmisterfullerene 
and organic polymers Which cannot be synthesiZed in a 
stepWise fashion. 

7. Ionic Solids: Solids Which can be modeled as cations and 
anions held together by electrical attraction of opposite 
charge. Such ionic solids include, but are not restricted to, 
CaF2, CdCl2, ZnCl2, NaCl2, AgF, AgCl, AgBr and spinels 
(e.g., ZnAl2O4, MgAl2O4, FrCr2O4, etc.). 

8. Molecular Solids: Solids consisting of atoms or molecules 
held together by intermolecular forces. Molecular solids 
include, but are not limited to, extended solids, solid neon, 
organic compounds, synthetic or organic metals (e.g., 
tetrathiafulvalene-tetracyanoquinonedimethane (TTF 
TCNQ)), liquid crystals (e. g., cyclic siloxanes) and protein 
crystals. 

9. Inorganic Materials: Materials Which do not contain carbon 
as a principal element. The oxides and sulphides of carbon 
and the metallic carbides are considered inorganic materi 
als. Examples of inorganic compounds Which can be syn 
thesiZed using the methods of the present invention 
include, but are not restricted to, the folloWing: 
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(a) Intermetallics (or Intermediate Constituents): Interme 
tallic compounds constitute a unique class of metallic 
materials that form long-range ordered crystal structures 
beloW a critical temperature. Such materials form When 
atoms of tWo metals combine in certain proportions to 
form crystals With a different structure from that of 
either of the tWo metals (e. g., NiAl, CrBe2, CuZn, etc.). 

(b) Metal Alloys: A substance having metallic properties 
and Which is composed of a mixture of tWo or more 
chemical elements of Which at least one is a metal. 

(c) Magnetic Alloys: An alloy exhibiting ferromagnetism 
such as silicon iron, but also iron-nickel alloys, Which 
may contain small amounts of any of a number of other 
elements (e. g., copper, aluminum, chromium, molybde 
num, vanadium, etc.), and iron-cobalt alloys. 

(d) Ceramics: Typically, a ceramic is a metal oxide, boride, 
carbide, nitride, or a mixture of such materials. In addi 
tion, ceramics are inorganic, nonmetallic products that 
are subjected to high temperatures (i.e., above visible 
red, 5400 C. to 10000 C.) during manufacture or use. 
Such materials include, for example, alumina, Zirco 
nium, silicon carbide, aluminum nitride, silicon nitride, 
the YBa2Cu3O7_8 superconductor, ferrite (BaFel 2O19), 
ZeoliteA (Na12[(SiO2)l2(AlO2)]. 27H2O), soft and per 
manent magnets, etc. High temperature superconduc 
tors are illustrative of materials that can be formed and 
screened using the present invention. “High temperature 
superconductors” include, but are not restricted to, the 
LZ’XSrXCuO4 superconductors, the Bi2CaSr2Cu2O8+,C 
superconductors, the Bal_,€KXO3 superconductors and 
the ReBaCu superconductors. Such high temperature 
superconductors Will, When they have the desired prop 
erties, havc critical temperatures above 30° K., prcfcr 
ably above 50° K., and more preferably above 70° K. 

10. Organic Materials: Compounds, Which generally consist 
of carbon and hydrogen, With or Without oxygen, nitrogen 
or other elements, except those in Which carbon does not 
play a critical role (e.g., carbonate salts). Examples of 
organic materials Which can be synthesiZed using the meth 
ods of the present invention include, but are not restricted 
to, the folloWing: 
(a) Non-biological, organic polymers: Nonmetallic mate 

rials consisting of large macromolecules composed of 
many repeating units. Such materials can be either natu 
ral or synthetic, cross-linked or non-crosslinked, and 
they may be homopolymers, copolymers, or higher-or 
dered polymers (e.g., terpolymers, etc.). By “non-bio 
logical,” ot-amino acids and nucleotides are excluded. 
More particularly, “non-biological, organic polymers” 
exclude those polymers Which are synthesiZed by a lin 
ear, stepWise coupling of building blocks. Examples of 
polymers Which can be prepared using the methods of 
the present invention include, but are not limited to, the 
folloWing: polyurethanes, polyesters, polycarbonates, 
polyethyleneimines, polyacetates, polystyrenes, polya 
mides, polyanilines, polyacetylenes, polypyrroles, etc. 

11. Organometallic Materials: A class of compounds of the 
type R-M, Wherein carbon atoms are linked directly With 
metal atoms (e.g., lead tetraethyl (Pb(C2H5)4), sodium 
phenyl (C6H5.Na), Zinc dimethyl (Zn(CH3)2), etc.). 

12. Composite Materials: Any combination of tWo materials 
differing in form or composition on a macroscale. The 
constituents of composite materials retain their identities, 
i.e., they do not dissolve or merge completely into one 
another although they act in concert. Such composite mate 
rials may be inorganic, organic or a combination thereof. 
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Included Within this de?nition are, for example, doped 
materials, dispersed metal catalysts and other heteroge 
neous solids. 

II. General OvervieW 
The present invention provides methods and apparatus for 

the preparation and use of a substrate having an array of 
materials in prede?ned regions thereon. The invention is 
described herein primly With regard to the preparation of 
inorganic materials, but can readily be applied in the prepa 
ration of other materials. Materials Which can be prepared in 
accordance With the methods of the present invention include, 
for example, covalent network solids, ionic solids and 
molecular solids. More particularly, materials Which can be 
prepared in accordance With the methods of the present inven 
tion include, but are not limited to, inorganic materials, inter 
metallic materials, metal alloys, ceramic materials, organic 
materials, organometallic materials, non-biological organic 
polymers, composite materials (e.g., inorganic composites, 
organic composites, or combinations thereof), or other mate 
rials Which Will be apparent to those of skill in the art upon 
revieW of this disclosure. 
The resulting substrate having an array of materials thereon 

Will have a variety of uses. For example, once prepared, the 
substrate can be screened for materials having useful proper 
ties. Accordingly, the array of materials is preferably synthe 
siZed on a single substrate. By synthesizing the array of 
materials on a single substrate, screening the array for mate 
rials having useful properties is more easily carried out. Alter 
natively, hoWever, the array of materials can be synthesiZed 
on a series of beads or pellets by depositing on each bead or 
pellet the components of interest. In this embodiment, each 
bead or pellet Will have a tag Which indicates the history of 
components deposited thereon as Well as their stoichiom 
etries. The tag can, for example, be a binary tag etched into the 
surface of the bead so that it can be read using spectroscopic 
techniques. As With the single substrate having an array of 
materials thereon, each of the individual beads or pellets can 
be screened for useful properties. 

Properties Which can be screened for include, for example, 
electrical, thermal mechanical, morphological, optical, mag 
netic, chemical, etc. More particularly, properties Which can 
be screened for include, for example, conductivity, super 
conductivity, resistivity, thermal conductivity, anisotropy, 
hardness, crystallinity, optical transparency, magnetoresis 
tance, permeability, frequency doubling, photoemission, 
coercivity, critical current, or other useful properties Which 
Will be apparent to those of skill in the art upon revieW of this 
disclosure. Importantly, the synthesizing and screening of a 
diverse array of materials enables neW compositions With neW 
physical properties to be identi?ed. Any material found to 
possess a useful property can be subsequently prepared on a 
large-scale. It Will be apparent to those of sill in the art that 
once identi?ed using the methods of the present invention, a 
variety of different methods can be used to prepare such 
useful materials on a large or bulk scale With essentially the 
same structure and properties. 

Generally, the array of materials is prepared by succes 
sively delivering components of materials to prede?ned 
regions on a substrate, and simultaneously reacting the com 
ponents to form at least tWo materials. In one embodiment, for 
example, a ?rst component of a ?rst material is delivered to a 
?rst region on a substrate, and a ?rst component of a second 
material is delivered to a second region on the same substrate. 
Thereafter, a second component of the ?rst material is deliv 
ered to the ?rst regions on the substrate, and a second com 
ponent of the second material is delivered to the second region 
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on the substrate. Each component can be delivered in either a 
uniform or gradient fashion to produce either a single stoichi 
ometry or, alternatively, a large number of stoichiometries 
Within a single prede?ned region. Moreover, reactants can be 
delivered as amorphous ?lms, epitaxial ?lms, or lattice or 
superlattice structures. The process is repeated, With addi 
tional components, to form a vast array of components at 
prede?ned, i.e., knoWn, locations on the substrate. Thereafter, 
the components are simultaneously reacted to form at least 
tWo materials.As explained hereinbeloW, the components can 
be sequentially or simultaneously delivered to prede?ned 
regions on the substrate using any of a number of different 
delivery techniques. 

In the methods of the present invention, the components, 
after being delivered to prede?ned regions on the substrate, 
can be reacted using a number of different synthetic routes. 
For example, the components can be reacted using, for 
example, solutionbased synthesis techniques, photochemical 
techniques, polymerization techniques, template directed 
synthesis techniques,. epitaxial groWth techniques, by the 
sol-gel process, by thermal, infrared or microWave heating, 
by calcination, sintering or annealing, by hydrothermal meth 
ods, by ?ux methods, by crystallization through vaporization 
of solvent, etc. Other useful synthesis techniques that can be 
used to simultaneously react the components of interest Will 
be readily apparent to those of skill in the art. 

Since the reactions are conducted in parallel, the number of 
reaction steps can be minimized. Moreover, the reaction con 
ditions at different reaction regions can be controlled inde 
pendently. As such, reactant amounts, reactant solvents, reac 
tion temperatures, reaction times, the rates at Which the 
reactions are quenched, deposition order of reactants, etc. can 
be varied from reaction region to reaction region on the sub 
strate. Thus, for example, the ?rst component of the ?rst 
material and the ?rst component of the second material can be 
the same or different. If the ?rst component of the ?rst mate 
rial is the same as the ?rst component of the second materials, 
this component can be offered to the ?rst and second regions 
on the substrate at either the same or different concentrations. 
This is true as Well for the second component of the ?rst 
material and the second component of the second material, 
etc. As With the ?rst component of the ?rst and second mate 
rials, the second component of the ?rst material and the 
second component of the second material can be the same or 
different and, if the same, this component can be offered to the 
?rst and second regions on the substrate at either the same or 
different concentrations. Moreover, Within a given prede?ned 
region on the substrate, the component can be delivered in 
either a uniform or gradient fashion. If the same components 
are delivered to the ?rst and second regions of the substrate at 
identical concentrations, then the reaction conditions (e.g., 
reaction temperatures, reaction times, etc.) under Which the 
reactions are carried out can be varied from reaction region to 
reaction region. 

Moreover, in one embodiment of the present invention, a 
method is provided for forming at least tWo different arrays of 
materials by delivering substantially the same reactant com 
ponents at substantially identical concentrations to reaction 
regions on both ?rst and second substrates and, thereafter, 
subjecting the components on the ?rst substrate to a ?rst set of 
reaction conditions and the components on the second sub 
strate to a second set of reaction conditions in a Wide array of 
compositions. Using this method, the effects of the various 
reaction parameters can be studied and, in turn, optimized. 
Reaction parameters Which can be varied include, for 
example, reactant amounts, reactant solvents, reaction tem 
peratures, reaction times, the pressures at Which the reactions 
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10 
are carried out, the atmospheres in Which the reactions are 
conducted, the rates at Which the reactions are quenched, the 
order in Which the reactants are deposited, etc. Other reaction 
parameters Which can be varied Will be apparent to those of 
skill in the art. 
The reactant components in the individual reaction regions 

must often be prevented from moving to adjacent reaction 
regions. Most simply, this can be ensured by leaving a su?i 
cient amount of space betWeen the regions on the substrate so 
that the various components cannot interdiffuse betWeen 
reaction regions. Moreover, this can be ensured by providing 
an appropriate barrier betWeen the various reaction regions on 
the substrate. In one approach, a mechanical device or physi 
cal structure de?nes the various regions on the substrate. A 
Wall or other physical barrier, for example, can be used to 
prevent the reactant components in the individual reaction 
regions from moving to adjacent reaction regions. This Wall 
or physical barrier may be removed after the synthesis is 
carried out. One of skill in the art Will appreciate that, at times, 
it may be bene?cial to remove the Wall or physical barrier 
before screening the array of materials. 

In another approach, a hydrophobic material, for example, 
can be used to coat the region surrounding the individual 
reaction regions. Such materials prevent aqueous (and certain 
other polar) solutions from moving to adjacent reaction 
regions on the substrate. Of course, When non-aqueous or 
nonpolar solvents are employed, different surface coatings 
Will be required. Moreover, by choosing appropriate materi 
als (e.g., substrate material, hydrophobic coatings, reactant 
solvents, etc.), one can control the contact angle of the droplet 
With respect to the substrate surface. Large contact angles are 
desired because the area surrounding the reaction region 
remains unWetted by the solution Within the reaction region. 

In the delivery systems of the present invention, a small, 
precisely metered amount of each reactant component is 
delivered into each reaction region. This may be accom 
plished using a variety of delivery techniques, either alone or 
in combination With a variety of masking techniques. For 
example, thin-?lm deposition techniques in combination 
With physical masking or photolithographic techniques can 
be used to deliver the various reactants to selected regions on 
the substrate. More particularly, sputtering systems, spraying 
techniques, laser ablation techniques, electron beam or ther 
mal evaporation, ion implantation or doping techniques, 
chemical vapor deposition (CVD), as Well as other techniques 
used in the fabrication of integrated circuits and epitaxially 
groWn materials can be applied to deposit highly uniform 
layers of the various reactants on selected regions of the 
substrate. Alternatively, by varying the relative geometries of 
the mask, target and/or substrate, a gradient of components 
can be deposited Within each prede?ned regions on the sub 
strate or, alternatively, over all of the prede?ned regions on 
the substrate. Such thin-?lm deposition techniques are gen 
erally used in combination With masking techniques to ensure 
that the reactant components are being delivered only to the 
reaction regions of interest. 

Moreover, in addition to the foregoing, the various reactant 
components can be deposited into the reaction regions of 
interest from a dispenser in the form of droplets or poWder. 
Conventional micropipetting apparatus can, for example, be 
adapted to dispense droplet volumes of 5 nanoliters or smaller 
from a capillary. Such droplets can ?t Within a reaction region 
having a diameter of 300 um or less When a mask is employed. 
The dispenser can also be of the type employed in conven 
tional ink-j et printers. Such ink-j et dispenser systems include, 
for example, the pulse pressure type dispenser system, the 
bubble jet type dispenser system and the slit jet type dispenser 
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system. These ink-jet dispenser systems are able to deliver 
droplet volumes as small as 5 picoliters. Moreover, such 
dispenser systems can be manual or, alternatively, they can be 
automated using, for example, robotics techniques. 

The dispenser of the present invention can be aligned With 
respect to the appropriate reaction regions by a variety of 
conventional systems. Such systems, Which are Widely used 
in the microelectronic device fabrication and testing arts, can 
deliver droplets to individual reaction regions at rates of up to 
5,000 drops per second. The translational (X-Y) accuracy of 
such systems is Well Within 1 um. The position of the dis 
penser stage of such systems can be calibrated With respect to 
the position of the substrate by a variety of methods knoWn in 
the art. For example, With only one or tWo reference points on 
the substrate surface, a “dead reckoning” method can be 
provided to locate each reaction region of the array. The 
reference marks in any such systems can be accurately iden 
ti?ed by using capacitive, resistive or optical sensors. Alter 
natively, a “vision” system employing a camera can be 
employed. 

In another embodiment of the present invention, the dis 
penser can be aligned With respect to the reaction region of 
interest by a system analogous to that employed in magnetic 
and optical storage media ?elds. For example, the reaction 
region in Which the component is to be deposited is identi?ed 
by its track and sector location on the disks The dispenser is 
then moved to the appropriate track While the disk substrate 
rotates. When the appropriate reaction region is positioned 
beloW the dispenser, a droplet of reactant solution is released. 

In some embodiments, the reaction regions may be further 
de?ned by dimples in the substrate surface. This Will be 
especially advantageous When a head or other sensing device 
must contact or glide along the substrate surface. The dimples 
may also act as identi?cation marks directing the dispenser to 
the reaction region of interest. 

III. Isolation of Reaction Regions on a Substrate 

In a preferred embodiment, the methods of the present 
invention are used to prepare an array of diverse materials at 
knoWn locations on a single substrate surface. Essentially, 
any conceivable substrate can be employed in the invention. 
The substrate can be organic, inorganic, biological, nonbio 
logical, or a combination of any of these, sting as particles, 
strands, precipitates, gels, sheets, tubing, spheres, containers, 
capillaries, pads, slices, ?lms, plates, slides, etc. The substrate 
can have any convenient shape, such a disc, square, sphere, 
circle, etc. The substrate is preferably ?at, but may take on a 
variety of alternative surface con?gurations. For example, the 
substrate may contain raised or depressed regions on Which 
the synthesis of diverse materials takes place. The substrate 
and its surface preferably form a rigid support on Which to 
carry out the reaction described herein. The substrate may be 
any of a Wide variety of materials including, for example, 
polymers, plastics, pyrex, quartz, resins, silicon, silica or 
silica-based materials, carbon, metals, inorganic glasses, 
inorganic crystals, membranes, etc. Other substrate materials 
Will be readily apparent to those of skill in the art upon revieW 
of this disclosure. Surfaces on the solid substrate can be 
composed of the same materials as the substrate or, alterna 
tively, they can be different, i.e., the substrates can be coated 
With a different material. Moreover, the substrate surface can 
contain thereon an adsorbent (for example, cellulose) to 
Which the components of interest are delivered. The most 
appropriate substrate and substrate-surface materials Will 
depend on the class of materials to be synthesiZed and the 
selection in any given case Will be readily apparent to those of 
skill in the art. 
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In some embodiments, a prede?ned region on the substrate 

and, therefore, the area upon Which each distinct material is 
synthesiZed is smaller than about 25 cm2, preferably less than 
10 cm2, more preferably less than 5 cm2, even more prefer 
ably 1 cm2, still more preferably less than 1 m2, and still 
more preferably less than 0.5 m2. In mo st preferred embodi 
ments, the regions have an area less than about 10,000 um2, 
preferably less than 1,000 umz, more preferably less than 100 
umz, and even more preferably less than 10 um2. 

In preferred embodiments, a single substrate has at least 10 
different materials and, more preferably, at least 100 different 
materials synthesiZed thereon. In even more preferred 
embodiments, a single substrate has more than 103 , 104, 105 , 
106, or more materials synthesiZed thereon. In some embodi 
ments, the delivery process is repeated to provide materials 
With as feW as tWo components, although the process may be 
readily adapted to form materials having 3, 4, 5, 6, 7, 8 or 
more components therein. The density of regions per unit area 
Will be greater than 0.04 regions/cm2, more preferably greater 
than 0.1 regions/cm2, even more preferably greater than 1 
region/cm2, even more preferably greater than 10 regions/ 
cm2, and still more preferably greater than 100 regions/cm2. 
In most preferred embodiments, the density of regions per 
unit area Will be greater than 1,000 regions/cm2, more pref 
erably 10,000 regions/cm2, even more preferably greater than 
100,000 regions/cm2, and still more preferably 10,000,000 
regions/cm2. 

In other embodiments, the substrate can be a series of small 
beads or pellets (hereinafter “beads”). The number of beads 
used Will depend on the number of materials to be synthesiZed 
and can range anyWhere from 2 to an in?nite number of beads. 
In this embodiment, each of the beads is uniformly coated 
With the reactant component(s) of interest and, thereafter, 
reacted. This is readily done, for example, by using a series of 
vessels each of Which contains a solution of a particular 
reactant component. The beads are equally divided into 
groups corresponding to the number of components used to 
generate the array of materials. Each group of beads is then 
added to one of the vessels Wherein a coating of one of the 
components in solution forms on the surface of each bead. 
The beads are then pooled together into one group and heated 
to produce a dry component layer on the surface of each of the 
beads. The process is repeated several times to generate an 
array of different reaction components on each of the beads. 
Once the components of interest have been deposited on the 
beads, the beads are reacted to form an array of materials. All 
of the beads may or may not be reacted under the same 
reaction conditions. To determine the history of the compo 
nents deposited on a particularbead, mass spectroscopic tech 
niques can be used. Alternatively, each bead can have a tag 
Which indicates the history of components deposited thereon 
as Well as their stoichiometries. The tag can be, for example, 
a binary tag etched into the surface of the bead so that it can 
be read using spectroscopic techniques. As With the single 
substrate having an array of materials thereon, each of the 
individual beads or pellets can be screened for materials 
having useful properties. 
More particularly, if an array of materials is to be generated 

based on Bi, Cu, Ca and Si using a series of beads as the 
substrate, for example, four vessels containing aqueous solu 
tions ofBi(NO3)3, Cu(NO3)3, Ca(NO3)3 and Si(NO3)3 Would 
be employed. A portion of the beads are added to the vessel 
containing the Bi(NO3)3 solution; a portion of the beads are 
added to the Cu(NO3)3 solution; a portion of the beads are 
added to the vessel containing the Ca(NO3)3 solution; and, 
?nally, a portion of the beads are added to the vessel contain 
ing the Si(NO3)3 solution. Once the beads are uniformly 






























